Secretion of ␤-1,3-glucanases by the arctic bacterial isolates 4221 and 4236, related to the genera Flavobacterium and Pedobacter, was discovered. Escherichia coli and Lactococcus lactis expression of ␤-1,3-glucanases Glc4221-1 and Glc4236-1 from the respective isolates was achieved. The enzymes hydrolyzed fungal cell walls and retained activity at low temperatures.
␤-1,3-Glucanases relating to GH16 have been isolated from a number of organisms and expressed recombinantly in Escherichia coli (1, 7, 9) . A majority of the ␤-1,3-glucanases, if not all, have maximal activities at temperatures above 40°C. One report describes a glucanase from Fibrobacter succinogenes S85 active at cold temperatures, but this enzyme degrades only cellulose (6) . In some applications, it would be advantageous to use ␤-1,3-glucanases at lower temperatures. We collected microorganisms from cold environments and screened for ␤-1,3-glucanases using different ␤-1,3-glucan substrates. Details of the methods and procedures used throughout this study are provided in the supplemental material. Two isolates, 4221 and 4236, were subjected to phylogenetic analysis, showing that isolate 4221 was affiliated with the genus Flavobacterium and isolate 4236 was related to the genus Pedobacter. Both isolates produced small amounts of ␤-1,3-glucanase active at low temperatures.
In order to obtain adequate protein for characterization of ␤-1,3-glucanases from these isolates, the genes were cloned using degenerated primers and PCR amplification. Alignment of ␤-1,3-glucanases belonging to the GH16 family revealed conserved amino acid regions that were used for primer design (see Fig. S1 and Table S2 in the supplemental material). After having obtained partial gene sequences in the direct PCR approaches, the remaining information was obtained by inverse PCR. The gene from Flavobacterium sp. strain 4221, glc4221-1, encoded a ␤-1,3-glucanase (GenBank accession no. EU024301), which in BLAST and ClustalX analyses showed 89% sequence identity to a putative ␤-1,3-glucanase from Flavobacterium johnsoniae UW101 (YP_001194781) (A. Copeland, S. Lucas, A. Lapidus, K. Barry, J. C. Detter, T. Glavina del Rio, N. Hammon, S. Israni, E. Dalin, H. Tice, D. Bruce, S. Pitluck, and P. Richardson, unpublished). A putative 16-residue-long signal sequence was predicted using the SignalP program (8) , and a consensus GH16 motif was found as well as Ca 2ϩ binding amino acids (5). The ␤-1,3-glucanase gene from the Pedobacter sp. strain 4236 active at cold temperatures was cloned using an identical approach (EU024302). The deduced amino acid sequence showed a low degree of similarity to sequences retrieved from BLAST searches and included only a partial GH16 consensus motif as well as Ca 2ϩ binding amino acids. The closest match was a ␤-1,3-glucanase from Lysobacter enzymogenes N4-7 (AAN77503) (9), which displayed 54% identity. No obvious ribosome binding site that could indicate the translational start site was identified. Despite the low degree of primary similarity, the secondary and tertiary structures of the Glc4236-1 ␤-1,3-glucanase were very similar to those of Glc4221-1, and both glucanases could be modeled over the ␤-1,3-glucanase from Nocardiopsis sp. (see Fig. S4 in the supplemental material), using HHpred and MODELLER. Overall, the structural features of Glc4221-1 and Glc4236-1 agree with the rules of enzymes active at cold temperatures; the structure in the catalytic cavity is conserved, whereas the size of loops at the exterior of the enzymes is reduced (3, 4) .
Since native Flavobacterium sp. strain 4221 and Pedobacter sp. strain 4236 did not produce sufficient ␤-1,3-glucanase, recombinant production was achieved. In E. coli, the gene glc4221-1 from Flavobacterium sp. strain 4221 was fused to the OmpA signal sequence and resulted in product secretion mainly to the growth medium (Fig. 1A) . Different growth temperatures were tested, and the optimum temperature for expression of recombinant ␤-1,3-glucanase in E. coli was found to be 30°C. Protein yield was estimated by running diluted samples on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and was determined to be 54 U/ml with a specific activity of 26 U/g.
Recombinant Pedobacter sp. strain 4236 glucanase, Glc4236-1, was similarly expressed in E. coli (Fig. 2) by fusing with the OmpA signal peptide. The E. coli plasmid constructions pBMS341 and pBMS383 also resulted in product secretion to the medium, with yields of 212 U/ml. However, SDS-PAGE showed no protein bands corresponding to the Glc4236-1 product (data not shown). In contrast, E. coli isolates harboring plasmid pBMS366 did produce the Glc4236-1 protein (Fig. 1B) , which could be detected only when whole cells were extracted with buffer including SDS (Fig. 1B, lane 4) . This suggested that the Glc4236-1 protein from this recombinant cell construction accumulated as inclusion bodies and explains why no activity could be detected.
Therefore, we tested an alternative expression system based on the gram-positive bacterium Lactococcus lactis (2) . Since plasmid pBMS366 was the only construct that resulted in a detectable band in SDS-PAGE, we constructed a similar plasmid for expression in L. lactis, plasmid pUPO762. Experiments with recombinant L. lactis cells harboring plasmid pUPO762 did produce active enzyme detectable by SDS-PAGE (Fig. 1C) . Glc4236-1 glucanase produced in E. coli and in L. lactis showed the same activity profiles versus temperature and pH (data not shown), but unlike that of E. coli, the Lactococcus expression system was well suited for high levels of secretion, resulting in a recombinant ␤-1,3-glucanase product with a high specific activity (approximately 40,000 U/g). Expression of Glc4221-1 in this system may well improve the specific activity to a similar degree.
Recombinant ␤-1,3-glucanases were characterized with respect to their temperature and pH optimum. Despite the different amino acid sequences, the two enzymes performed similarly. Both ␤-1,3-glucanases showed maximal activity at pH 6 and at 30°C to 35°C and with more than 50% of maximal activity at 5°C (see Fig. S5 in the supplemental material).
Analysis of substrate specificity showed that both recombinant ␤-1,3-glucanases were able to hydrolyze a wide range of ␤-1,3-glucan polysaccharides in addition to fungal cell walls. The hydrolysis products of the Glc4236-1 glucanase (Pedobacter sp. strain 4236) and of the Glc4221-1 glucanase (Flavobacterium sp. strain 4221) were shown to be laminaribiose (a dimer) and glucose, respectively. The inability of Glc4236-1 to degrade laminaribiose is consistent with the observation from other GH16 glucosidic enzymes, which are endohydrolases producing mainly tetramers, trimers, and dimers. Unexpectedly, the Glc4221-1 glucanase (Flavobacterium sp. strain 4221) may act in an exohydrolytic manner, producing glucose as the end product, despite similarity to endohydrolytic ␤-1,3-glucanases. Both recombinant enzymes displayed hydrolytic activity on ␤-1,3-glucans embedded in complex structures like fungal hyphae (see Table S3 in the supplemental material). Experiments with recombinant Glc4236-1 glucanase (Pedobacter sp. strain 4236) showed that this ␤-1,3-glucanase could enhance the effect of sublethal concentrations of the fungicide clotrimazole (Fig. 3) . Therefore, ␤-1,3-glucanases may be useful in fungal transformations or other biotechnological applications where low-temperature cell wall disintegration is preferred. 
